IMPORTANCE OF PROJECT
The development of an accurate and correlative bench-top lubricity tester will create an affordable alternative to the Rotary Fuel Injection Pump Test Rig. If successful, this BOTD method would provide a solution to the use of current bench-top lubricity tests that: (1) are not sensitive to additives, such as the Scuffing Load Ball on Cylinder Lubricity Evaluator (SLBOCLE) and High Frequency Reciprocating Rig (HFRR), and (2) are not representative of fuel pump conditions, such as the Ball on Cylinder Lubricity Evaluator (BOCLE). Additionally, having a lubricity bench-top test that reliably detects even minute amounts of CI/LI additive will support a minimum additization specification for synthetic fuels.
TECHNICAL APPROACH
The BOTD was procured and established in the laboratory using ASTM reference lubricity fluids. The current operating procedure was exercised using ceramic balls and metal disks to determine the sensitivity to ASTM reference fluids, synthetic turbine fuel, and for a known lubricity improver added to the synthetic fuel at minimum and maximum treat levels according to the QPL for MIL-PRF-25017F.
ACCOMPLISHMENTS
Lubricity improver additive, at minimum and maximum treat concentrations, was blended with a synthetic JP-5 hydrocarbon fuel containing no sulfur or aromatic species and produced via Gas-toLiquids (GTL) technology utilizing Fischer-Tropsch (F-T) catalysis. The blends were then tested using the BOTD to determine their respective wear scars. This method did show some ability to detect the addition of CI/LI additive as determined through decreased wear scars, however not yet to 
I. OBJECTIVE
The objective of this research was to determine the sensitivity of the Ball on Three Disks (BOTD) bench-top lubricity tester to military fuel corrosion inhibitor/lubricity improver (CI/LI) additive used in poor lubricity synthetic S-5 turbine fuel. For the purposes of this study, lubricity can be defined as: "The ability of a fuel to prevent or minimize wear in diesel fuel injection equipment." [1] 1 . This lubricity bench-top test methodology is needed to develop lubricity additive specifications for synthetic fuels.
II. BACKGROUND
The most common bench-top test methods are Ball-On-Cylinder Lubricity Evaluator (BOCLE), Scuffing Load Ball-On-Cylinder Lubricity Evaluator (SLBOCLE), High-Frequency Reciprocating Rig (HFRR), and the Ball on Three Disks (BOTD). [1, 2, [4] [5] [6] [7] [8] [9] . Past reports have shown that SLBOCLE and HFRR bench tests directionally correlate with field performance, but lack sensitivity to additives used at low concentration (i.e., 12 to 24 mg/L allowed by JP-8/JP-5 fuel specification). Although the SLBOCLE and HFRR directionally indicate the lubricity of the fuel, more work is needed to ensure that the lubricity improvements when using Corrosion Inhibitor/Lubricity Improver (CI/LI) additives are reflected in the results. Data for BOCLE and BOTD, along with the LowFrequency Reciprocating Rig (LFRR) version of the HFRR, suggest that better bench test correlation to fuel rotary pump rig tests are achievable for CI/LI treated turbine fuels.
The U.S. Military has evaluated the lubricity effect of using the CI/LI additive. CI/LI is a carboxylic acid based material qualified under MIL-PRF-25017 and is required to be in JP-8/JP-5. [3, 4] This evaluation was done with a "Rotary Fuel Injection Pump Test Rig" that used the same arcticdesigned rotary fuel pumps fitted into HMMWVs. This effort compared neat Jet A-1 (JP-8 base fuel) fuels of different lubricity levels and the same fuels with the CI/LI additive. The results showed a dramatic increase of the number of hours that the rotary fuel pump was able to operate when the fuel was treated with CI/LI. For example, pumps using fuel without CI/LI additive were worn out at between 60-200 hours. The same base fuels treated with CI/LI additive completed 1000 hours of pump rig testing. At 1000 hours, the pumps had only minor changes in fuel delivery performance. However, the lubricity bench tests (SLBOCLE, HFFR) designed by industry to measure diesel fuel lubricity did not detect this change in fuel lubricity level between the untreated and treated turbine fuels.
The development of an accurate and correlative bench-top lubricity tester will create an affordable alternative to the Rotary Fuel Injection Pump Test Rig, which costs approximately $28,000 for each duplicate test. The rotary pump rig test requires a great deal of mechanical expertise and technical knowledge to operate and evaluate the results. In addition to cost savings, the bench-top lubricity test is smaller, easier to use, and produces results faster then the 1000 hour maximum failure time of the rotary pump rig test.
The demand for an affordable and correlative bench-top lubricity test has increased due to the influx of low sulfur (and consequently poor lubricity) fuels into commercial fuel market. These low sulfur fuels will be produced to comply with increasingly stringent environmental policies focused on the reduction of sulfur and aromatics in automotive petroleum derived fuels. The reduction of aromatics and sulfur has led to numerous fuel refining technologies including improved hydro-treatment and sulfur extraction. Furthermore, gas-to-liquids (GTL) technology utilizing Fischer-Tropsch (F-T) catalysis to convert synthesis gas to liquid hydrocarbons under mild temperatures produces hydrocarbon fuels with essentially no sulfur or aromatics [2] . The military is interested in F-T fuel as a fuel cell reformer fuel and as an environmentally clean fuel for use in military vehicles. The synthetic F-T turbine fuel, S-5, made by Syntroleum for military evaluation contains less than 1 ppm sulfur and less than 1 percent aromatics. Although the low sulfur and low aromatic fuels will reduce emissions, they will have poor fuel lubricity. Fuel lubricity improver additives will be needed to improve lubricity to satisfactory levels. Bench-top lubricity tests provide an affordable alternative to measure the effectiveness of lubricity-improving additives to reduce rotary pump wear.
This report summarizes an effort to show the BOTD bench-top lubricity test can measure the lubricity of synthetic turbine fuel, S-5, and S-5 treated with CI/LI at concentrations shown to reduce rotary pump wear in pump test rigs. The BOTD is also of interest due to smaller size and cost of operation compared to the BOCLE tests. The BOTD instrument uses a test fluid to lubricate a rotating ceramic ball that is pressed against three disks by way of a load arm. [1, 6, 7] At the surface between the ceramic ball and the three disks, a wear scar is developed and becomes increasingly larger for poor lubricity fuels. A picture of the BOTD components is shown in Figure 1 . 
III. APPROACH
A synthetic fuel S-5, which contains zero sulfur and no aromatics, will be tested for lubricity. Pure S-5 is tested to determine the resulting wear scar representing baseline lubricity. Blends of S-5 with various concentrations of lubricity additive will be prepared and tested for lubricity. The BOTD will be utilized to measure lubricity and results compared to results from other lubricity detecting instruments like BOCLE, SLBOCLE, and HFRR.
The BOTD test method currently under development by ASTM provides a measure of lubricity by measuring the amount of wear that develops from contact by a rotating ½-inch ceramic ball pressed at a fixed load against three ¼-inch disks immersed in test fluid. Thus, during the 45-minute test, the better the lubricity, the less wear is developed on the three disks. Development of wear is measured and reported as wear scar diameter. The BOTD test conditions are listed in Table 1 . Five samples were prepared and tested: Table 2 are lubricity values for these reference fluids as reported by ASTM. Reference Fluids A & B were tested in this evaluation to gauge the development of wear scars for fluids with comparable lubricity ratings. Pure S-5 was tested to provide a baseline assessment of the fuel's lubricity, and the wear scar measurements compared to Fluid A and B to determine its initial rating. After a baseline was established, CI/LI was blended with the fuel at 12.0 and 22.5 mg/L concentrations and tested to determine the effect on the development of wear scars. Each sample was tested at least three times to determine the reproducibility of the wear scars using the BOTD. The CI/LI selected for this work (coded FL-11761-03) was the same additive used in rotary pump rig tests and is considered to be a good lubricity additive compared to some (possibly better responding) approved CI/LI additives qualified to meet the specification. The minimum treat rate for a particular additive product qualification is additive package dependant and is shown in the Qualified Product List (QPL) for the specification. The minimum effective concentration is based on BOCLE testing whereas the maximum allowable concentration is based on allowable water separation test results.
IV. RESULTS
The lubricity-testing program was divided into three separate testing phases: reference fluids, baseline, and S-5 plus additive concentration level.
During testing, all of the test conditions were maintained, monitored, and recorded. The wear scars developed on the three disks were measured as described by BOTD procedure dated 2000 provided by the instrument manufacturer. The mean average of the wear scar and the standard deviation was calculated.
A. Reference Fluids
Two reference fluids designated Fluid A and Fluid B, with known good and poor lubricity characteristics, respectfully, were tested to determine average wear scar values. The resulting average wear scar, shown below in Table 3 , will be used to gauge the lubricity of unknown fluids. n/a n/a 621 8 5 n/a n/a 696 31 6 n/a n/a 586 95 7 n/a n/a 649 40 Average 387*** 34**** 645*** 49**** * Mean Scar: mean of wear scars for three disks ** Standard Deviation: standard deviation from the mean scar *** Average Mean Scar: average of mean scars reported **** Average Standard Deviation: deviation of mean scars from the average mean scar B.
Baseline S-5 and Additives in S-5
Baseline testing of S-5 was performed to characterize lubricity before the testing of additives in S-5. The results of the baseline test are shown in Table 4 .
S-5 fuel samples were blended to have a lubricity additive concentration of 12.0 mg/L, the minimum treatment level, and the maximum treatment level of 22.5 mg/L. The results of the BOTD tests are shown in Table 4 . 
V. DISCUSSION

A. Reference Fluids
The two reference fluids were tested to determine the approximate wear scar that would develop for good and poor lubricity fuels. Fluid A, the good lubricity fluid, produced an average wear scar of 387 µm and an average standard deviation of 34 µm. Thus, we would expect other good lubricity fluids to produce wear scars approximately equal to 387 µm. Fluid B, the poor lubricity fuel, produced significantly larger wear scars averaging 645 µm with an average standard deviation of 49 µm for seven runs.
The BOTD gave individual disk wear scar results with high precision. For an individual run, the precision is measured by the standard deviation. The standard deviations in Fluid B for individual runs ranged from 95 µm to 8 µm meaning some runs were able to reproduce similar wear scars, while on others they deviated dramatically amongst the three disks. For Fluid A, the standard deviations per test run were 68 µm, 70 µm, and 4 µm, the maximum scar of the nine disks was 458 µm and a minimum scar of 282 µm. These large deviations make it difficult to determine the relative lubricity characteristic of each fluid. The published data for the BOTD suggests that a good lubricity fuel will have a wear scar diameter of less than 500 µm.
B. Baseline
The baseline results indicate that pure S-5 is a very poor lubricity fuel since the average wear scar of 786 µm is larger then that of Fluid B (645 µm), a known poor lubricity fuel. The average standard deviation obtained on Fluid B was 49 µm. Therefore, the 786 µm reflects a fuel with a poorer lubricity than Fluid B.
C. Additive Concentration: S-5 + Additive (CI/LI)
The relationship between lubricity improver additive concentration and wear scar development appears to be non-linear as shown by the trend line in Figure 2 . 
Average Scar vs. Additive Concentration
Figure 2. Average Wear Scar versus Additive Concentration
The addition of lubricity improver additive to S-5 does appear to improve the lubricity of the fuel as evidenced by the decrease in average wear scar. More significantly, rotary pump test rig results determined in an associated testing program completed at Southwest Research Institute, showed a marked improvement in S-5 fuel lubricity with the addition of CI/LI. Two rotary injection pumps running with untreated S-5 had to be shutdown well short of the 500 hour standard test duration due to premature wear. Pump tests with S-5 treated at the minimum CI/LI concentration did run to 500 hours with some indications of wear found; pump tests using S-5 treated at the maximum concentration of CI/LI also ran to 500 hours with little indications of wear found. These rotary injection pump test results, along with the results from this BOTD evaluation and other various bench-top lubricity tests completed in an associated testing program, are summarized in Table 5 . The data in Table 5 indicates that the HFFR method did not detect any change in the lubricity of the fuel, while the SLBOCLE, with results within established repeatability, showed a trend towards improvement when the additive was added. However, the SLBOCLE did not detect differences in fuel lubricity improvements between minimum and maximum concentrations of CI/LI. The BOCLE and the BOTD showed improvements in fuel lubricity at both additive concentrations. A previously suggested minimum limit for BOTD was 0.440-0.50 mm. [2] The data reported in Table 5 suggests that for Army Arctic pumps the maximum limit for BOTD could be 0.60-0.65 mm as correlated to satisfactory performance in rotary pump testing.
VI. CONCLUSION AND RECOMMENDATIONS
The S-5 synthetic fuel with low sulfur and aromatics produced larger wear scars than ASTM Fluid B, a known poor lubricity fluid. The addition of lubricity improver additive, evaluated in S-5 at two different concentrations, was detected by both the BOCLE and the BOTD. However, for the BOTD, the high degree of variability among wear scars measured on the three disks in several of the individual runs leaves room for improvement of this apparatus, test method, or both.
It is recommended that the BOTD apparatus, operating conditions and testing methodology be further investigated in an effort to improve the viability of this technique as a bench top test method for screening lubricity improver additives. Future testing should be conducted utilizing disks with polished surfaces in an attempt to reduce the variability in wear scars for an individual run and to increase sensitivity. Also, testing should incorporate the use of steel balls in addition to the current ceramic balls, as the steel balls are more readily available as a commercially available repeatable product, compared to the ceramic balls that are purported to be difficult to produce in reproducible batches.
In the current methodology, the disk holder cup is placed into position manually. Consideration should be given to use of a hydraulically-controlled arm to raise the cup into position as another means of reducing test variability. Other possible contributors to variability should be assessed by investigating: (1) variation of cup test temperature and ullage humidity and (2) APPENDIX A
